Abstract Although a great deal of information is available about the circuitry of the mossy cells (MCs) of the dentate gyrus (DG) hilus, their activity in vivo is not clear. The immediate early gene c-fos can be used to gain insight into the activity of MCs in vivo, because c-fos protein expression reflects increased neuronal activity. In prior work, it was identified that control rats that were perfusion-fixed after removal from their home cage exhibited c-fos immunoreactivity (ir) in the DG in a spatially stereotyped pattern: ventral MCs and dorsal granule cells (GCs) expressed c-fos protein (Duffy et al., Hippocampus 23:649-655, 2013). In this study, we hypothesized that restraint stress would alter c-fos-ir, because MCs express glucocorticoid type 2 receptors and the DG is considered to be involved in behaviors related to stress or anxiety. We show that acute restraint using a transparent nose cone for just 10 min led to reduced c-fos-ir in ventral MCs compared to control rats. In these comparisons, c-fos-ir was evaluated 30 min after the 10 min-long period of restraint, and if evaluation was later than 30 min c-fos-ir was no longer suppressed. Granule cells (GCs) also showed suppressed c-fos-ir after acute restraint, but it was different than MCs, because the suppression persisted for over 30 min after the restraint. We conclude that c-fos protein expression is rapidly and transiently reduced in ventral hilar MCs after a brief period of restraint, and suppressed longer in dorsal GCs.
Introduction
Hilar mossy cells (MCs) of the dentate gyrus (DG) are a common hilar cell type (Buckmaster and Jongen-Relo 1999; Jiao and Nadler 2007; Volz et al. 2011) , and the only glutamatergic cell type in the DG other than the primary cell type, the granule cells (GCs, Soriano and Frotscher 1994; Amaral et al. 2007) . A great deal is known about MCs in terms of their structure and connectivity (Scharfman and Myers 2012) . Their cell bodies are located only in the hilus, and their dendrites are located primarily in the hilus (Amaral 1978; Ribak et al. 1985; Frotscher et al. 1991; Scharfman 1991; Blackstad et al. 2016) . They receive diverse sources of afferent input from hippocampal neurons (GCs, interneurons, and pyramidal cells, Amaral 1978; Ribak et al. 1985; Frotscher et al. 1991; Scharfman 1994; Acsady et al. 2000) and extrahippocampal input (Deller et al. 1999; Scharfman and Myers 2012; Walling et al. 2012) . Their axon forms the commissural-associational projection to the inner molecular layer (IML) of the DG where synapses are made on GCs primarily (Buzsaki and Eidelberg 1981; Laurberg and Sorensen 1981; Ribak et al. 1985; Frotscher et al. 1991; Buckmaster et al. 1996; Wenzel et al. 1997) . MCs innervate diverse types of DG interneurons, particularly the perisomatic-targeting subtype known as the basket cell (Sloviter 1991; Buckmaster et al. 1996; Scharfman and Myers 2012) . In contrast to what is known about their connectivity, very little is understood about MC activity in vivo. One of the gaps in our understanding is how behavioral stress affects MCs. This is potentially important, because behavioral stress clearly influences the DG (Fa et al. 2014; Reul et al. 2015; de Kloet and Molendijk 2016; McEwen et al. 2016) and MCs are highly interconnected with other DG neurons with axons that project to local and distant locations of the DG (see also Scharfman and Myers 2012; Scharfman 2016) . Therefore, if MCs were affected by stress, they could readily influence other DG neurons throughout the septotemporal axis. However, whether MCs contribute to the response of the DG to stress is not known. One would think that MCs might be involved in stress responses, because they have glucocorticoid type 2 receptors, like DG GCs (Patel and Bulloch 2003) . In addition, MCs usually have a low threshold for action potential generation in response to afferent input and can remain depolarized (Scharfman and Schwartzkroin 1989; Scharfman 1991; Strowbridge and Schwartzkroin 1996) . Therefore, they could respond in a robust manner to small changes in the environment that are accompanied by altered afferent input from inside or outside the hippocampus. This idea is consistent with the innervation of MCs by many intrinsic and extrinsic afferent pathways (Scharfman 2016) . Data in support of the hypothesis that MCs are highly and rapidly responsive to environmental changes have been published (Duffy et al. 2013) . In that study, MCs showed increased c-fos protein expression when animals were simply removed from their home cages (Duffy et al. 2013) . These findings led to the hypothesis that MCs act as environmental sensors or sentinels in the DG which signal to other DG neurons that are typically harder to activate, such as GCs (Scharfman 2016) . This potential function of MCs might be important when the environment becomes dangerous, which typically invokes behavioral stress. Although effects of stress on MCs have not been directly tested, there is indirect support for the idea that brief behavioral stress would influence MCs, because a 15 min-long period of forced swim stress decreased commissural inhibition in the DG (Yarom et al. 2008) . Commissural inhibition is the inhibition of DG GCs by a stimulus to the contralateral DG or commissure connecting the two hippocampi, and is mediated by contralateral projecting axons of DG neurons, most of which are MCs (Buzsaki and Eidelberg 1981; Douglas et al. 1983; Scharfman and Myers 2012; Scharfman 2016) .
In summary, the goal of the study was to test the hypothesis that c-fos protein expression in MCs would rapidly change in response to brief behavioral stress. In addition, we asked if the changes in MCs would be accompanied by changes in the DG GCs and interneurons, because that would further support the hypothesis that MCs are involved in the response to stress of other DG neurons that may be relatively unresponsive to afferent input. Because forced swim stress is a complex set of conditions, we chose a simpler method to induce behavioral stress, i.e., restraint using a nose cone or a small transparent enclosure. Animals were placed in a new cage and restrained for 10 min using a nose cone or plastic box. Then, they were perfused after a delay of 30 min or more, to allow for c-fos protein synthesis. Comparisons were made to rats that were placed in a new cage but not restrained, or other control procedures. To analyze the results, the entire septotemporal axis was examined for c-fos immunoreactivity (ir) and other markers. The results showed that acute restraint suppressed ventral MC c-fos-ir compared to controls, and dorsal GC c-fos-ir was greatly reduced also. Interestingly, the MC c-fos-ir was not suppressed if the delay between restraint and perfusion was [30 min, suggesting a transient effect of restraint on MCs. In contrast, GC c-fos-ir was suppressed for longer periods of time. We conclude that acute restraint suppresses MC c-fos-ir with a brief timecourse, but this is not the case for GCs. These data support the hypothesis that MCs are highly responsive to changes in the environment and participate in the response to stress of the DG.
Methods

General procedures
All procedures were approved by the Institutional Animal Care and Use Committee at The Nathan Kline Institute. Care was taken to minimize animal use where possible and reduce discomfort of any kind. Reagents were from SigmaAldrich (St. Louis, MO, USA) unless otherwise stated.
Animals
Adult male Sprague-Dawley rats (50-90 days) were bred in-house from animals purchased from Charles River (Kingston, NY, USA). They were maintained in standard cages with food (Purina 5001, W.F. Fisher, NJ, USA) and water ad libitum and a 12 h light-dark cycle.
Behavior
Animals were used between 10:00 a.m. and 2:00 p.m. Pairs of rats were housed together since weaning, and one cage was brought to the laboratory at one time. The cage was placed on a standard laboratory bench with a cage cover to shield it from direct light. The cage holders for food and a water bottle were kept in place. Only one animal was used from each cage; the other was not used for any experiments.
In the restraint group, one animal was removed from the home cage, placed in the center of a new cage with fresh bedding, with a cage cover. A soft plastic nose cone (DecapiCone, Braintree Scientific, Inc., Braintree, MA, USA) was positioned so the body was inside the nose cone, with the nose outside the small end, so the animal could breathe freely. The cone was secured on the other end with a standard binder clip, without clipping any of the animal (e.g., its fur was not clipped). The tail emerged from the opening that was clipped, so it could move freely. Care was taken to secure the nose cone so that limbs were not possible to move, but they were not bent in an awkward position. The animal was placed in the center of the new cage in the nose cone, and the cage cover returned to its normal position. After 10 min, the binder clip was released and the nose cone removed from the cage. The animal was allowed to move freely in the cage for 30 min and then it was perfusion-fixed.
There were three control groups. Control group 1 had no restraint or new cage; these animals were housed in pairs in their home cage until perfusion. At that time, one animal was removed and perfused (Fig. 2a) . The other animal was never used. Control group 2 had no restraint or new cage, but the cagemate was removed after the cage was brought to the laboratory, so the animal was isolated. It was perfused 40 min later (Fig. 2a) . Rats in control group 3 were treated the same as the animals that were restrained, being placed in a new cage, isolated from their cagemate. However, the isolated animal was not placed in a nose cone for 10 min. It was perfused after 40 min (Fig. 2a) .
To optimize comparisons of c-fos-ir, animals from different experimental groups were processed together. Because so many sections were involved (20/rat), all animals could not be processed at one time. Therefore, one animal from each group (e.g., for Fig. 2 , there were four groups) was processed in a single batch, and then batches were repeated until there were at least three animals per group. During these repeated procedures, the reactions were stopped at a similar time, when the DAB reaction was a similar intensity (using a wet mount to check the intensity with a light microscope). Results were averaged. For confocal microscopy, animals from different groups were also processed together in batches, and sections were incubated in reagents for the same length of time.
Perfusion-fixation and sectioning
Animals were placed on a perforated ceramic plate in a glass jar with isoflurane (Aerrane; Baxter)-soaked cotton below the plate. The animal was removed when it lost its righting reflex and injected with an overdose of urethane (2.5 g/kg, i.p.). After deep anesthesia, the abdominal cavity was opened, the pericardial wall reflected, and a small incision was made to the left ventricle for insertion of a perfusion needle, which was clamped in place with a hemostat. Saline (0.9% NaCl in dH 2 O) was infused by gravity feed and the right atria were clipped. After 3 min, perfusion was switched to 4% paraformaldehyde diluted in 0.1 M Tris buffer (pH 7.4) for 5 min, and the animal was then placed in a plastic bag and refrigerated for at least 2 h. The brain was removed and post-fixed 1-2 days at 4°C. The brain was sectioned (50 lm-thick sections) using a vibratome (Model 1000P; Rankin Biomedical Inc., Lawrence, KS, USA). For each animal, one hemisphere was cut in the coronal plane and the other hemisphere was cut horizontally. Coronal sections from the first hemisphere were used to examine the dorsal DG and horizontal sections from the second hemisphere were used to examine the ventral DG (Fig. 1 ). Sections were stored in 0.1 M Tris buffer at 4°C until processing, which occurred within 4 days of sectioning.
Immunohistochemistry
Every sixth section was selected; distances between sections were 300 lm. The first section in the coronal plane was chosen from the part of the septal pole where both blades of the dentate gyrus first come together (similar to -2.9 mm from Bregma in the atlas of Paxinos and Watson which was cut by sectioning one hemisphere in the coronal plane between the locations indicated by straight lines. D dorsal, V ventral, R rostral, C caudal. 2 Six sections from the dorsal hippocampus were selected (300 lm apart). 3 A diagram shows how the hilus was defined. Points were connected as follows: 1 lateral tip of the upper blade, 2 end of the pyramidal cell layer, and 3 lateral tip of the lower blade. This line was then connected to another line that outlined the border of the GCL and the hilus. b1 Diagram of the orientation for horizontal sections. One hemisphere was cut in the coronal plane and the second was cut horizontally. 2 14 sections from the ventral hippocampus were selected (300 lm apart). 3 A diagram shows how the hilus was defined in horizontal sections Brain Struct Funct (2017 ) 222:2405 -2419 2407 2007; Fig. 1a ). Six sections were selected, with the last taken just before the hippocampus curves laterally and begins to descend ventrally (-4.1 mm from Bregma; Paxinos and Watson 2007; Fig. 1a) . The first section in the horizontal plane was chosen from the temporal pole at the first point where the GCL can be readily defined as a 'c' shaped layer, corresponding to approximately 2.2 mm above the interaural line in Paxinos and Watson (2007) (Fig. 1b) . Fourteen sections were selected, with the last taken at dorsal levels (Fig. 1b) . For brightfield microscopy, a goat polyclonal antibody to c-fos was visualized with 3,3-diaminobenzidine (DAB). To determine whether the c-fos-labeled cells were MCs, double-labeling was performed with a second antibody visualized with NovaRed (Vector). The second antibody, to the glutamate receptor subunit GluR2/3, is expressed by MCs (Leranth et al. 1996) . Information about antibodies are listed in Table 1 .
Tissue processing was conducted at room temperature with continuous agitation on a rotator, and all incubations were followed by three washes in 0.1 M Tris buffer for 5 min (each) unless otherwise specified. Initially sections were washed in 0.1 M Tris buffer, and incubated in 1% hydrogen peroxide (Fisher Scientific) in 0.1 M Tris buffer for 5 min, to block endogenous peroxides. After washes, sections were incubated for 10 min, first in Tris A (0.25% Triton X-100 in 0.1 M Tris buffer) and then Tris B (0.25% Triton X-100 and 0.005% bovine serum albumin in 0.1 M Tris buffer). Sections were blocked in serum (Table 1) for 1 h to minimize non-specific binding of reagents. Sections were then washed again in Tris A (10 min) and Tris B (10 min).
Sections were incubated for 24 h in the primary antiserum (Table 1) at 4°C, and subsequent procedures were conducted at room temperature. Following a 10 min wash in Tris A, sections were washed for 10 min in Tris B, and then incubated in the secondary antibody (Table 1) for 1 h and subsequently washed for 10 min in Tris A followed by 10 min in Tris B. Then sections were placed in avidinbiotin-horseradish peroxidase complex (ABC) solution (Vectastain Elite Kit, Vector Laboratories) diluted 1:100 in Tris B for 2 h. Following washes in 0.1 M Tris buffer, slices were incubated in 0.022% DAB, (dissolved in 0.1 M Tris), 1 mM NiCl 2 , 0.2% NH 4 Cl, 0.1% glucose oxidase, and 0.8% D(?)-glucose in 0.1 M Tris buffer. NiCl 2 , NH 4-Cl, glucose oxidase, and D(?)-glucose were dissolved in distilled water (dH 2 O) and stored in aliquots at 4°C. The reaction was stopped by washing sections in 0.1 M Tris buffer. Sections were then washed in 0.1 M Tris buffer and mounted on subbed slides. Slides were allowed to dry overnight, and then were dehydrated in a graded series of ethanol (5 min 70% ethanol, 5 min 95% ethanol, and 10 min 100% ethanol), cleared in xylene for 10 min, and then coverslipped with Permount (Fisher Scientific).
For double-labeling with antibodies to c-fos and GluR2/ 3 (Fig. 3 ), sections were first incubated with the goat polyclonal c-fos antibody (Table 1) and visualized using DAB as described above (see also Duffy et al. 2013) . Following washes, sections were incubated with blocking serum for GluR2/3 (Table 1) , and incubated for 24 h with a rabbit polyclonal antibody to GluR2/3 (Table 1) . The sections were then incubated in the secondary antibody and biotinylated goat anti-rabbit IgG diluted in Tris B (1:400; Vector Laboratories, Burlingame, CA, USA) for 1 h. Immunoreactivity was visualized with NovaRed (per manufacturer's instructions; Vector).
All slides were analyzed using a brightfield microscope (BX51, Olympus, Hauppauge, NY, USA), photographed using a digital camera (Retiga 2000R, Q Imaging, Surrey, BC, Canada), and acquired using ImagePro (Media Cybernetics, Bethesda, MD, USA). All settings for the camera (e.g., exposure time) and microscope settings (e.g., lighting) remained the same when photographing sections for the figures. Adobe Photoshop (v. 7.0; Adobe, Redmond, WA, USA) was used to assemble figures.
Immunofluorescence
For confocal microscopy, c-fos was visualized by a fluorescein-labeled antibody and the second antibody (GluR2/ 3, GAD67, PV, NPY, calretinin, nNOS; Figs. 2, 3) was labeled with a rhodamine-tagged antibody (Table 1) using methods described previously (Barouk et al. 2011; Duffy et al. 2013) . Briefly, all sections were washed in 0.1 M phosphate buffer (PB) and blocked in 10% donkey serum (Sigma, St. Louis, MO) in 0.25% Triton and 0.005% BSA in 0.1 M PB for 1 h. The sections were then incubated in the goat polyclonal c-fos antibody (Table 1) and either the antibody to GluR2/3, GAD67, PV, NPY, calretinin, or nNOS (Table 1) in 1% donkey serum and 0.25% Triton X-100 in 0.1 M PB for 24 h. Following primary antibody incubation and 3 9 5 min washes in 0.1 M PB, sections were incubated for 2 h in the secondary antibodies (Table 1 ). Subsequent to rinses in 0.1 M PB, sections were mounted on glass slides and coverslipped with Prolong Gold antifade reagent (Invitrogen, Carlsbad, CA, USA). Confocal microscopy was performed using an LSM 510 Meta (Zeiss, Carl Zeiss Microimaging, Thornwood, NY, USA), equipped with 488 and 546 mm lasers and LSM 510 Meta Software (Zeiss).
Quantification
Cells were counted manually at 109-809. Double-labeled cells were counted if the nucleus and cytoplasm were brought into focus in the same focal plane at 809 (brightfield) or using 1 lm optical sections (confocal).
Corticosteroid ELISA
Trunk blood samples were collected 10 min into each procedure (n = 3/group). For example, in the restraint group, animals were euthanized immediately after 10 min of restraint. Euthanasia was conducted by decapitation with a small animal guillotine (Stoelting) after deep anesthesia using isoflurane inhalation (as described above). The time from removal of the rat from its cage to decapitation was less than 60 s. Blood was collected into 15 ml centrifuge Raised against the N-terminus peptide of human c-fos (amino acids 3-16). Western blot was used to show that the antibody recognized a 62 kDa protein corresponding to the molecular weight of c-fos (information from the manufacturer's data sheet)
Specificity has also been confirmed by immunoblot using a Syrian hamster embryonic cell line (Preston et al. 1996) and subsequently verified with Western blot of human T cells (Whisler et al. 1997) Brightfield Raised against a synthetic porcine NPY. Preabsorption of the diluted antiserum with excess NPY blocked all staining, whereas related peptides (e.g., peptide YY and avian pancreatic peptide) and somatostatin, which is colocalized in some interneurons with NPY, had no effect (information from the manufacturer's data sheet) tubes and centrifuged at 2000 rotations per min (RPM) for 10 min at room temperature. Serum was removed with a Pasteur pipette, using a new pipette for each tube. Serum was placed into Eppendorf tubes and stored at -80°C. ELISA was conducted according to the manufacturer's instructions (Alpco mouse and rat corticosterone ELISA, Alpco, Salem, NH, USA).
Statistics
Results are reported as mean ± standard error of the mean (SEM) and the p criterion was 0.05. Statistical comparisons were conducted in Prism (Graphpad, San Francisco, CA, USA) for two-way repeated measures ANOVA (two-way RMANOVA), one-way ANOVA, or Student's t tests, which were two-tailed. When there was inhomogeneity of variance, a constant was added to each data point and the data were log-transformed prior to statistical analysis (Zivin and Bartko 1976) . ANOVAs were followed by Tukey-Kramer post hoc tests.
Results
Nose cone restraint decreases hilar c-fos-ir Figure 2 shows quantitative comparisons of all four groups (restraint and control groups 1-3; see Methods and Fig. 2a) , where c-fos-ir cells are plotted with respect to their position along the septotemporal axis. For the hilus, cells with c-fos-ir were found exclusively in ventral DG (Fig. 2b1) . A two-way RMANOVA showed a significant effect of group (F(3,9)6.90, p = 0.010). There also was a significant effect of septotemporal level (F(19,171) 16.53, p \ 0.0001), reflecting that hilar c-fosir was predominantly in the ventral DG. There was a significant interaction of factors (F(57,171)2.13, p \ 0.0001), with group differences only evident in the ventral sections (Fig. 2b1) . After conducting the two-way RMANOVA for all four groups, we compared restrained rats to each of the control groups. Restrained rats vs. rats from control group 1 Fig. 2 Comparison of c-fos-ir in restrained and control rats. a1 Experimental timeline. Animals were brought to the lab in their home cage, and then they were restrained or were controls. Afterwards, there was a delay of 30 min and then animals were perfusion-fixed. 2 Four experimental groups are shown. All groups started with rats initially housed in pairs, brought to the laboratory in their home cage (black box). For control group 1, only one rat of the pair was perfused after 40 min. Control group 2 took one rat out of the home cage when the cage was brought to the lab and the other was perfused 40 min later. Control group 3 took one rat out of the home cage, put it in a new cage, and then perfused it 40 min later. The restrained group took one rat out of the home cage, restrained it in a nose cone (green) for 10 min, and then let it move freely for 30 min, when it was perfused. b1 Mean (±SEM) for hilar c-fos-ir cells is shown for all groups. Sections 1-6 were from the dorsal DG (R rostral, C caudal, as shown in Fig. 1a) . Sections from ventral DG were cut horizontally and the most dorsal section is labeled #1. D dorsal, V ventral. Asterisk indicates significant differences by two-way RMANOVA (p \ 0.05). The restrained group was significantly different from control groups 1 and 2 by pairwise comparisons (p \ 0.05). 2 GCL c-fos-ir cells are plotted for all groups. Differences were significant by two-way RMANOVA (p \ 0.05) with the restrained group significantly different from control groups 1 and 3 by paired comparison (p \ 0.05). c1 Hilar c-fos-ir is shown for all four experimental groups. All sections from the septotemporal axis were pooled for each rat. One-way ANOVA showed that there were significant differences (p \ 0.05). The restrained rats were significantly different from control group 1 (asterisks, p \ 0.05). 2 GCL c-fos-ir is plotted for all groups. The restrained rats were significantly different from control group 3 (asterisk, p \ 0.05) showed a significant effect of group (F(1,4) F(19,95) 3.79, p = 0.044). For the comparison of restraint to control group 3, the effect of group was close to significance (F(1,4)6.74, p = 0.060), there was an effect of septotemporal level (F(19,76)2.60, p = 0.0017) and no interaction (F(19,76)1.20, p = 0.2797). Thus, restrained rats were significantly different from control groups 1 and 2 but not 3. Presumably, this is because there is some effect of the new cage and isolation as well as restraint on c-fos protein expression, with control group 3 having the new cage and isolation, so it was most similar to the restraint group.
Although there was a prominent septotemporal variation in hilar c-fos under all conditions, the group differences were robust enough to be evident when sections were pooled. Thus, pooled data for each animal (Fig. 2c1 ) showed significant group differences by one-way ANOVA (F(3,9)6.90, p = 0.010). Post-hoc comparisons showing that the restrained animals were significantly different from control group 1 (post hoc test, p \ 0.05), but not control groups 2-3 (post hoc tests, p [ 0.05). Thus, pooling showed an effect, but it was less sensitive. For this reason, results described in subsequent figures focused on plotting data in relation to the septotemporal axis.
Nose cone restraint reduces GCL c-fos-ir
In Fig. 2b2 , c-fos labeling in the GCL is plotted. The majority of labeled cells were in the dorsal DG, consistent with prior findings of control rats (Duffy et al. 2013 ). The restrained group had low values (Fig. 2b2 ). There was a significant effect of group (F(3,9)16.61, p = 0.0005) and septotemporal level (F(19,171)8.48, p \ 0.0001) by twoway RMANOVA, and there was an interaction (F(57,171)1.43, p = 0.042) reflecting that the reduction in c-fos-ir was primarily in the dorsal DG (Fig. 2b2) .
In paired comparisons, the restrained group was significantly different from control group 1, where there was an effect of group (two-way RMANOVA; F(1,4)46.44, p = 0.002), septotemporal level (F(19,76)8.07, p \ 0.0001), and interaction (F(19,76)2.17, p = 0.010). For restrained vs. control group 2 rats, the group differences were close to significant (F(1,4)5.90, p = 0.059), and there was a septotemporal effect (F(19,95) 3.93, p \ 0.0001) and no interaction (F(19,95)0.54, p = 0.932). The restrained rats were different from control group 3, where there was an effect of group (F(1,4)32.4; p = 0.005), septotemporal level (F(19,76)4.06, p \ 0.0001) but no interaction (F(19,76)1.44, p = 0.135). In summary, GCs showed reduced c-fos-ir after restraint and the difference was primarily when restrained rats were compared to control groups 1 and 3.
When GCs were pooled from different from septotemporal levels (Fig. 2c2) , GCL c-fos-ir was significantly different from control group 3 by one-way ANOVA Fig. 3 C-fos coexpression with GluR2/3 in the hilus. a Using brightfield microscopy, cells were labeled first with c-fos using DAB and NiCl 2 resulting in black c-fos-ir nuclei. Then, NovaRed was used to label GluR2/3 cells dark orange. 1 Double-labeled cells are indicated by the arrows; arrowheads mark cells that are GluR2/3-labeled but lack c-fosir. Calibration, 50 lm. 2 Area outlined by the box in a1 is shown at higher power. Calibration, 25 lm. b Using confocal microscopy, cells were labeled with antibodies to GluR2/3 (1, red) and c-fos (2, green). 3 Merged image of 1 and 2. Double-labeled cells are marked by the arrows. Calibrations, 50 lm (F(3,9) 4.382, p = 0.0367; Fig. 2c2 ). In summary, dorsal GCL c-fos-ir and ventral hilar c-fos-ir were reduced by acute restraint. When all data were analyzed with respect to the septotemporal axis, hilar c-fos-ir showing significant differences between restraint and control groups 1 and 2 and GCL c-fos-ir showed differences between restraint and control groups 1 and 3. Distinctions between hilar and GCL c-fos-ir were also found in their time course, as described below.
Confirmation that hilar c-fos-ir is primarily localized to MCs and GCL c-fos-ir is primarily in GCs
It has been shown that hilar c-fos-ir is primarily in ventral DG in the previous studies using the conditions that we use here for control animals (Duffy et al. 2013 ). In the previous study, 100% of the hilar cells that exhibited c-fos-ir coexpressed GluR2/3 (Duffy et al. 2013 ). These data suggested that all c-fos-ir neurons in the hilus were MCs, because MCs represent almost all of the glutamatergic neurons of the hilus. The other cells are ectopic GCs and quite rare compared to MCs (McCloskey et al. 2006) . These data were surprising, because there are many GABAergic neurons in the hilus and they did not seem to express c-fos protein. However, MCs and GCs innervate those neurons, and they receive afferent input from outside the DG as well. Because those results were surprising, we looked again in two rats. One of these rats was from control group 1 and the other from the restrained group (Fig. 3) . Five sections from the ventral DG were selected per rat. Out of 236 hilar cells labeled with c-fos, all were doublelabeled except 3 in the control rat and 1 in the restrained rat (4/236 or 1.7%). Therefore, almost all hilar c-fos-ir cells were GluR2/3-ir and are likely to be MCs.
In the same prior study (Duffy et al. 2013) , the dorsal DG rarely showed hilar c-fos-ir, but there was scattered c-fos-ir cells in the GCL. It was reported that these c-fos-ir cells failed to double-label with interneuron markers PV and NPY, so it was concluded that the c-fos-ir cells were GCs (Duffy et al. 2013) . In this study, we also found no double-labeling using PV and NPY in the dorsal GCL of rats that were either controls or restrained, and there also was no double-labeling with other interneuron markers (GAD67, calretinin, or nNOS), despite the presence of robust labeling independent of c-fos-ir (Fig. 4) . Therefore, we interpret the c-fos-ir labeling in the GCL as labeling of GCs.
Effects of restraint on c-fos-ir are influenced by delay to perfusion-fixation
We next asked if the suppression of c-fos-ir by restraint would be different if the time to perfusion-fixation was changed. One reason to suspect the delay would influence the results is based on the literature showing that c-fos protein expression has a time course that can last for hours after a stimulus, but does not always do so (Le Gal La Salle 1988; Dragunow and Faull 1989; Collaco-Moraes and De Belleroche 1995; Baille-Le Crom et al. 1996; Zimmer et al. 1997) .
To address this issue, we perfused animals at 75 or 120 min after 10 min of restraint and compared them to the rats from Fig. 2b that were perfused 30 min after 10 min of restraint. This approach is diagrammed in Fig. 5a . As with prior results, there was a significant effect of the septotemporal axis, with most labeled cells in ventral DG (Fig. 5b1) . A two-way RMANOVA showed a significant effect of delay (F(2,6)1.04, p = 0.408; Fig. 5b1 ) and septotemporal level (F(18,114) 9.18, p \ 0.0001). The restrained rats that experienced the 30 min delay showed fewest c-fos-ir cells in the hilus (Fig. 5b1) . Therefore, the restrained group showed suppression of c-fos-ir that was rapid, being detected when the delay was 30 min but not 75 or 120 min.
In Fig. 5b2 , the data are presented for c-fos-ir in the GCL. C-fos expression was low in all groups and did not show significant differences between groups (two-way Because lengthening the delay to perfusion of restrained rats led to what seemed like control levels of hilar c-fos-ir (compare Figs. 2b1 and 5b1) , we asked if this was indeed the case by making statistical comparisons of the results from the restrained rats in Fig. 5b1 to controls. The results, shown in Fig. 6 , confirmed that hilar c-fos-ir was not significantly different between restrained and control rats. As diagrammed in Fig. 6a , animals that had been restrained for 10 min and fixed 75 or 120 min later were compared to rats that were placed in a new cage and perfused 85 or 130 min later (Fig. 6a) . Two-way RMANOVA showed no significant differences between hilar c-fos-ir for the 75 min delay (F(1,4) 0.00882, p = 0.927). There was a septotemporal difference (F(18,72)6.831, p \ 0.001) with more ventral hilar c-fos-ir than dorsal hilar c-fos-ir, as in other conditions (e.g. Figs. 2b, 5b ), but no interaction of factors (F(16,72) Fig. 6c, d) . Thus, hilar c-fos-ir was transiently expressed in hilar MCs, returning to control values by 75 min.
Increasing the duration of nose cone restraint does not increase the effect of restraint on hilar c-fos-ir
To determine the effects of a longer period of restraint on hilar c-fos-ir, the 10 min restraint period was lengthened to 30 min (Fig. 7) . Figure 7a shows that there were two groups, one where rats were placed in a new cage, restrained for 30 min, and perfused 30 min afterwards, and a second group that was placed in a new cage, had no restraint for 30 min, and was perfused 30 min later.
The results were surprising. For the hilus, a two-way RMANOVA showed that there was no effect of group (F(1,4)0.47, p = 0.532), although there was an effect of septotemporal level (F(19,76) 6.89, p \ 0.0001; Fig. 7b1) , consistent with the observations that most hilar c-fos-ir is in ventral DG regardless of condition. There was no interaction of factors (F(19,76) 0.71, p = 0.794), suggesting no significant effects of 30 min restraint when examined 30 min later. These data are consistent with those described above, suggesting that after a short period of time, MC c-fos expression returns to normal. What is very surprising is that this seems to be true even when the restraint continues.
The results for the GCL were also surprising. At first when one examines Fig. 7b , one thinks that the results are similar to the hilus, because there also were no significant differences between the restraint and control groups (effect of group: F(1,4)3.45, p = 0.137, septotemporal level: F(19,76)2.46, p = 0.030, and interaction: F(19,76)0.92, Fig. 5 Increasing the delay between restraint and perfusion-fixation shows a transient effect of restraint on hilar c-fos-ir. a Schematic illustrates the three groups, each having a 10 min period of restraint but different times from restraint to perfusion-fixation. b1 Graph of hilar c-fos-ir shows that the longer delay to perfusion led to a restoration of hilar c-fos-ir. b2 GCL c-fos-ir shows that all groups had depressed c-fos-ir Brain Struct Funct (2017) 222:2405-2419 2413 Fig. 6 Comparisons of different experimental groups with 75 or 120 min delay to perfusion-fixation. a Schematic shows the experimental groups in b. There was a 10 min period of restraint and then rats were perfused 75 min later (red) or the rat was placed in a new cage without its cage mate for 85 min and then was perfused (black). b Results for hilar and GCL c-fos-ir were similar between the two groups. c Schematic shows the experimental groups in c. Rats were perfused 120 min after a 10 min period of restraint (red) or 130 min after placement in a new cage, isolated from its cagemate (black). d Results for hilar and GCL c-fos-ir were similar between the two groups Fig. 7 Effects of prolonged restraint on hilar and GCL c-fos-ir. a Schematic illustrates the two experimental groups. One group was restrained for 30 min and perfused after an additional 30 min (red). Another group was placed in a new cage and then perfused 60 min later. b There were no significant differences in hilar c-fos-ir (1) or GCL c-fos-ir (2) p = 0.555; Fig. 7b2 ). However, c-fos-ir was depressed for both the control and restrained group compared to the data in Fig. 2b2 . The data are consistent with the idea that a long period of a depressed GCL c-fos ir occurs after restraint, partly due to the depression of c-fos-ir after a long time in a new cage and isolation. Although initially there is activation by the new cage and isolation (Fig. 2b2, black) , if the animal continues to be in the new cage with isolation, there is reduction in c-fos-ir (Fig. 7b, black) . One way to explain this is the new cage activates dorsal GCs, but isolation is a stress that, if persistent, overcomes the activation by novelty and reduces GC c-fos-ir.
Different types of restraint reduce hilar c-fos-ir
To further address the effects of restraint on MCs, a different type of restraint was tested. In this case, a transparent plexiglass box was used to hold the rat rather than a transparent nose cone (Fig. 8a) . The rat was enclosed on all sides by the box but could move its body 360°C, and there was a 1 inch hole on one side to provide air (Fig. 8a) . A restraint group (n = 4) and control group (n = 3) were compared. For the restraint group, a pair of animals was brought to the laboratory, and one was placed in the transparent box for 60 min. The duration of time was long, because the animal was less restrained than in the nose cone. Therefore, we assumed that the restraint might not have been sufficient to induce behavioral stress unless it was prolonged. After 60 min in the box, the rat was placed in a new cage and perfused 30 min later. For the control group, a rat was placed in a new cage for 60 min and perfused 30 min later (Fig. 8a) . In this experiment, sections were pooled from each rat (Fig. 8b) . The rats that were restrained had less c-fos-ir in the hilus than controls (Student's t test: t = 3.201, df = 5, p = 0.0240; Fig. 8b) . Therefore, the effects of a nose cone on hilar c-fos-ir can be obtained with other types of restraint.
Lack of c-fos-ir in DG interneurons
One reason for reduced hilar or GCL c-fos-ir in DG neurons could be that restraint activated GABAergic neurons which increased inhibition of MCs and GCs. Therefore, c-fos-ir was examined in DG interneurons (Fig. 4) . Using PV as an interneuron marker, we failed to find doublelabeling of PV and c-fos in rats that were restrained for 10 min and examined 30 min later (Fig. 2a, restraint  group) . In 3 restrained rats, 6 ventral sections were examined per animal and 221 PV-ir cells were counted.
Counts from the GCL and hilus were pooled (mean, 12 cells/section) with no double-labeled cells. We also failed to find double-labeling using NPY as a marker. In this case, 190 cells were examined (mean, 11 cells/section).
Nose cone restraint increases c-fos-ir in the PVN but not serum corticosterone
We assayed corticosterone levels using ELISA to determine whether restrained animals experienced behavioral stress that was sufficient to elevate serum corticosterone levels. For this purpose, a new cohort of rats was used. All groups shown in Fig. 2a were compared (n = 3/group, total 12 rats). Rats were euthanized after 10 min of restraint, 10 min in a new cage, 10 min after removing the cagemate from the home cage, or 10 min after bringing the rat cage to the laboratory (all four groups in Fig. 2a ). Serum levels of restrained rats were not significantly different from control groups 1-3 (one-way ANOVA, Fig. 9) . One of the possible reasons was that the time of day of our experiments was at the trough of the natural circadian variation in serum corticosterone for male rats, late morning (Zimmer et al. 1997) . Our values were comparable to normal levels in rats at this time of day (Reul and de Kloet 1985) . These data were surprising, because they suggested that little stress had been induced by restraint, because serum corticosterone levels were not elevated. Therefore, our procedures probably did induce very mild stress. On the other hand, we observed behavior which suggested that restraint for 10 min produced behavioral stress. For example, animals attempted to move when restrained by the nose cone and defecated in the cage when they were initially restrained. On the other hand, after *5 min, they appeared to stop attempting to move. To gain more insight, we examined areas of the same brains where we quantified c-fos-ir in the DG. In dorsal coronal sections, we examined the paraventricular nucleus of the hypothalamus (PVN), because it is activated by diverse behavioral stresses (Dragunow and Faull 1989; Collaco-Moraes and De Belleroche 1995; Reul et al. 2015) . In coronal sections at approximately 1.7 mm posterior to Bregma, to capture the PVN (Paxinos and Watson 2007) , restrained animals showed elevated c-fos-ir in the PVN (F(3,8) 111.5, p \ 0.0001; post hoc tests, p \ 0.05; Fig. 9 ). These data suggest that stress was induced in the restrained group relative to control groups 1-3, but it was mild, because serum corticosterone levels were not elevated after restraint.
Discussion
The results show that the MCs reduce their expression of c-fos-ir in response to mild restraint stress, and these MCs are in the ventral DG. In response to the nose cone restraint for 10 min, the depression of c-fos-ir in MCs occurred within 30 min, and it was no longer evident if the delay between the stress and perfusion was 60 min or longer. The Fig. 9 Effects of restraint on c-fos-ir of the PVN. a Diagram illustrates the location of the PVN. 3V third ventricle. b C-fos-ir in the PVN (arrows) in a rat that was restrained for 10 min and perfused 30 min later. Calibration, 500 lm. c Comparison of PVN c-fos-ir in a rat that was a control (1) or restrained animal (2). The boxed area is expanded at the bottom. Arrows point to c-fos-ir nuclei. The control rat was from group 3 of Fig. 4a . The restrained rat was from the restrained group in Fig. 4a . Calibrations in c1 and c2 are the same as b. Calibrations in insets, 50 lm. d Comparison of c-fos-ir in the PVN showed significant differences between groups by one-way ANOVA and post hoc tests showed that the restraint group had more c-fos-ir than any of the other groups. The groups were the same as those in Fig. 4a . *p \ 0.05. e Mean corticosterone levels in the four groups. Different rats from d. Measurements were made from serum collected after 10 min restraint or control conditions and used ELISA. There were no significant differences reduction in c-fos-ir was also absent if the duration of stress was increased from 10 min to 30 min. The results suggest a rapid activation and cessation of c-fos protein synthesis by MCs in response to mild restraint stress.
GCs also had low c-fos protein expression in response to 10 min of restraint, and these GCs were primarily located in the dorsal DG. These GCs showed a robust reduction, lasting for all the delays (to perfusion) that were tested. The GCs also showed an effect of lengthening the restraint, partly due to the fact that prolonging the time in a new cage with isolation depressed GC c-fos-ir. Thus, the regulation of c-fos-ir by behavioral stress is quite different in the MCs and GCs. MCs show sensitivity but rapid changes, and GCs show sensitivity with a slower recovery, as well as effects simply due to movement to a new cage and isolation.
DG interneurons did not seem to be activated, because c-fos protein was not detected in DG interneurons. However, the interneurons could have been active, but not enough to induce c-fos-ir protein expression. Or they could have been quite active, but the pattern of their activity was not appropriate to induce c-fos protein expression. The lack of expression is unlikely to be due to technical problems, because the same methods showed robust c-fos-ir in PV and NPY-expressing interneurons after seizures (Scharfman et al. 2002) . We suggest that negative data be interpreted with caution, because it may be that DG interneurons were active but did not express c-fos.
The relationship of MC c-fos-ir to GC c-fos-ir
Ventral mossy cells project to the dorsal DG where their axons terminate primarily in the inner molecular layer; their synapses are primarily on GC dendrites (Buzsaki and Eidelberg 1981; Laurberg and Sorensen 1981; Ribak et al. 1985; Frotscher et al. 1991; Buckmaster et al. 1996; Wenzel et al. 1997) . Therefore, the activity of the ventral MCs may stimulate GCs in dorsal DG and be responsible for their c-fos protein synthesis. This idea is supported by prior observations, where increases in ventral MC c-fos-ir correlated with dorsal GC c-fos-ir (Duffy et al. 2013 ). In addition, if ventral MCs reduce their activity, the activity and c-fos protein expression of dorsal GCs may decrease because of a loss of afferent input from MCs. However, other data suggest a dissociation between MC activity and GC activity. For example, increasing the duration of the delay between restraint and perfusion reduced the effect of restraint for 10 min on c-fos-ir in the hilus, but this did not occur in the GCL. On the other hand, recovery from suppressed c-fos protein expression may simply have a different time course in MCs and GCs. Another reason to suggest that MCs are not responsible for GC c-fos-ir is that lengthening time in a new cage and isolation decreased GC c-fos-ir, but this was not evident in MCs. In summary, dorsal GCs may be influenced by ventral MCs, but they are also influenced by other factors, which is what would be expected, since the MCs only innervate the proximal third of the GC dendritic tree.
The role of MCs in the DG circuitry
The results support the hypothesis that ventral MCs are influenced by stress, which is consistent with the idea that behavioral stress using acute restraint does affect the DG (Herman and Watson 1995; Conrad and McEwen 2000; Fujikawa et al. 2000; Bain et al. 2004; Fevurly and Spencer 2004; Nativio et al. 2012; Hoffman et al. 2013) . The data are consistent with Chowdhury et al. (2000) who showed that DG c-fos is decreased after restraint stress in water, and Hoffman et al. (2013) who showed that 6 h of restraint stress led to reduced c-fos in the DG on the next day, when animals were exposed to the environment of the restraint stress. In a recent study, administration of the glucocorticoid receptor agonist dexamethasone led to decreased activation of dorsal GCs (Law et al. 2016) , which is very interesting, because the authors activated the DG by novelty, similar to what our studies suggest activate ventral MCs and dorsal GCs (Duffy et al. 2013) . Finally, the data are also consistent with persistent effects of stress on the dentate gyrus (Mizukawa et al. 1989) .
The results also suggest a dissociation between the MCs and GCs, because MCs recovered faster than GCs to the same behavioral stress. This finding is consistent with the idea that MCs are rapid sensors of change in the environment, and relay that information to GCs. For this function to be optimal, depression in MC activity should be brief, so that they can be activated readily by the next change in the environment.
This idea of MCs as a sensors or sentinels was originally based on data showing that a subset of MCs have a low threshold for afferent activation by the perforant path in hippocampal slices (Scharfman 1991) . In recordings of MCs, they were more easily activated than GCs because of a more depolarized resting potential and ongoing barrage of excitatory afferent input (Scharfman 1993) . It has been proposed that MCs could serve an important function in the DG circuit by having a low threshold, because it would allow MCs to be activated by weak EC input that fails to activate most GCs. MCs could ensure that many GCs would be depolarized by the weak EC input. Alternatively, MCs may provide important inhibitory input to GCs by activating DG interneurons to keep GCs inhibited (Sloviter 1991; Jinde et al. 2012; Hsu et al. 2016) . Our results do not provide evidence for this hypothesis but as mentioned above, low c-fos-ir in DG interneurons should be interpreted carefully.
It is not clear why c-fos expression was detected mainly in ventral MCs and dorsal GCs, but it seems likely that it is related to the proposed division of functions of the DG, with the dorsal DG associated with 'cognitive' functions and the ventral DG related to functions which have a limbic component, i.e., stress or anxiety (Kheirbek et al. 2013; Strange et al. 2014) . One possibility is that limbic input to ventral MCs makes the MCs sensitive to stress, and this helps the dorsal GC functions that are cognitive be influenced by stress. This idea is consistent with the fact that stress adversely influences cognitive function (Hölscher 1999) .
Summary
Studies of c-fos protein expression have limitations, but the results presented here support two important conclusions, nevertheless: ventral MCs and dorsal GCs are less active after acute restraint. In addition, reduced activity recovers relatively rapidly in MCs compared to GCs.
